Norepinephrine plays a significant role in the working
The prefrontal cortex (PFC) is critical for working memory functions and its dysfunction is a source of some of the observed cognitive impairment in schizophrenia (Goldman-Rakic 1987 , 1996 . Poor visuospatial working memory performance is characteristic of schizophrenia (Park and Holtzman 1992; Carter et al. 1996; Fleming et al. 1997 ) and can be related to PFC dysfunction. Multiple catecholamines play a role in the modulation of spatial working memory functions of the PFC including dopamine (Brozoski et al. 1979; Goldman-Rakic et al. 1992; Arnsten et al. 1994 ) and norepinephrine (Arnsten et al. 1996) , the latter being of particular interest.
Young monkeys with noradrenergic-depleting lesions of the PFC are rendered unable to perform a spatial working memory task. Subsequently, alpha-2 noradrenergic agonists like clonidine improve performance on these tasks (Arnsten and Goldman-Rakic 1985) , presumably at post-synaptic sites in the prefrontal cortex. Improvements in spatial working memory tasks in aged non-human primates (with naturally occurring decrements of catecholamine activity) can also be achieved with another ␣ -2 agonist, guanfacine (Arnsten et al. 1988 ). The aged nonhuman primates were tested using a two well spatial delayed response task, which measures the process of working memory. The optimal guanfacine dose for improving delayed response performance was .0016 mg/ kg, which was effective within 2 hr after a single intramuscular dose and continued to be effective for 3 to 4 days (Arnsten et al. 1988) .
Guanfacine is ten times less potent at lowering blood pressure and 25 times more potent than clonidine at enhancing spatial working memory performance than clonidine (Arnsten et al. 1988 ). The differential cognitive and side effect profiles observed between these two alpha-2 agonists is related to differences in affinities for three alpha-2 noradrenergic receptor subtypes: alpha-2A, alpha-2B, and alpha-2C (Kobilka et al. 1987; Regan et al. 1988; Lomasney et al. 1990 ). The alpha-2B subtype is found predominantly in the thalamus (Nicholas et al. 1993; Scheinin et al. 1994 ) and mediaties alpha-2 agonists' sedative actions (Buzsaki et al. 1991) . The hypotensive effects of alpha-2 agonists are attributable to their actions at alpha-2A and alpha-2C subtypes in the nucleus tractus solitarius (Reis et al. 1984; Nicholas et al. 1993; Scheinin et al. 1994) . Immunocytochemical studies in the monkey brain have revealed that the alpha-2A subtype is densest in the PFC (Aoki et al. 1994) and is primarily responsible for the cognitive enhancing effects of alpha-2 agonists. The ability of guanfacine to improve PFC function without significant adverse effects corresponds with its selectivity for the alpha-2A subtype (Uhlen et al. 1995) .
Post mortem studies in schizophrenic patients implicate noradrenergic dysfunction in the cognitive impairment observed in these patients. For example, antemortem cognitive impairment correlates with decreases in noradrenergic function at post-mortem examination (Bridge et al. 1985) . Schizophrenic subjects classified as demented (Mini Mental Status Examination [MMSE] score less than 20; Folestein et al. 1975 ) had significantly decreased concentrations of NE in the nucleus accumbens and hypothalamus at post-mortem examination compared to those schizophrenic patients not classified as demented (MMSE Ͼ 20) (Bridge et al. 1985) . Similar findings were encountered in another post-mortem examination of schizophrenic brain tissue in which NE was significantly reduced in the frontal cortex (Brodmann areas 8, 32, and 44) of schizophrenic patients with significant ante-mortem cognitive impairment compared to schizophrenic patients without such impairment. Therefore, given the possible involvement of noradrenergic dysfunction in the cognitive deficits and its concentration in PFC regions of schizophrenia a reasonable pharmacological strategy for enhancing cognition in these patients is the use of drugs, such as alpha-2 agonists, which enhance noradrenergic activity in the PFC, and possess only minimal hypotensive properties Clinical data already supports the efficacy of alpha-2 agonists in some psychiatric disorders. For example, clonidine has been shown to improve PFC mediated cognitive tasks, such as verbal fluency and Stroop test, in patients with Korsakoff's syndrome (patients whose memory loss correlates with NE loss) (Mair and McEntee, 1986; Moffoot et al. 1994) , and guanfacine has been shown to improve symptoms of Attention Deficit Hyperactivity Disorder (ADHD) (Chappell et al. 1995; Hunt et al. 1995) . Indeed the cognitive enhancing effect of clonidine was linked to its actions in frontal cortex.
Improved performance of the Korsakoff's patients on a verbal fluency test correlated with increased regional cerebral blood flow (rCBF) in the left PFC by singlephoton emission computed tomography imaging (SPECT) (Moffoot et al. 1994) . Similarly, guanfacine also shows specificity of action in the PFC in non-human primates (Avery et al. 2000) .
Consistent with these data is the reported efficacy of clonidine in improving PFC mediated cognitive functions in schizophrenic patients (Fields et al. 1988) . Given these results, it is reasonable to assume that guanfacine, a more selective alpha-2a agonist (Uhlen et al. 1995) , will also improve PFC cognitive functions in schizophrenic patients, but with significantly less adverse effects than is seen with clonidine (e.g., sedation, hypotension). An open label pilot study provided preliminary evidence for a cognitive enhancing effect of guanfacine in schizophrenic patients on the trails B taks, a test of frontal cortical function (Friedman et al. 1999 ). Guanfacine 1 mg per day, administered in conjunction with each subject's neuroleptic treatment for 2 weeks produced a mean improvement of 55 s on the Trails B task (Friedman et al. 1999) . Therefore, a double-blind placebo-controlled trial of guanfacine adjunctive treatment to neuroleptic medication was conducted to test the efficacy of guanfacine in ameliorating some of the cognitive impairment in schizophrenia that has been linked to the frontal cortex.
METHODS

Subjects
Forty subjects were recruited from both inpatient and outpatient departments at Mount Sinai Hospital (New York, NY) and Pilgrim Psychiatric Center (Brentwood, NY). All participants met DSM-IV diagnostic criteria for schizophrenia, and no other Axis I or II co-morbid diagnosis. Patients were diagnosed by a senior clinician using the Comprehensive Assessment of Symptoms and History (CASH) structured interview (Andreasen et al. 1992) . To be eligible patients had to have been treated with a stable dose of the following neuroleptics for a minimum period of four weeks; haloperidol, fluphenazine, thiothixene, trifluoperazine, or ripseridone. In addition, a minimum of 2 weeks of symptom stability, defined as no more than 20% change on consecutive ratings on the Positive and Negative Syndrome Scale (PANSS) (Kay 1991) , was required for participation in the study. Patients were excluded if they had any medical diagnosis or were receiving medications that may have affected cognitive performance. Furthermore, the following psychotropic medications were not allowed for the duration of the study: anticho-linergics, sedating antihistaminics, antidepressants, mood stabilizers, or a second neuroleptic. Finally, subjects were excluded if they had abused alcohol or any illicit drugs within the past 6 months. All patients provided written informed consent in accordance with the procedures outlined by the local institutional review boards of Mount Sinai Hospital and Pilgrim Psychiatric Center prior to participating in the study.
Assessments
Clinical assessments of psychiatric symptoms were performed with the PANSS (Kay 1991) , and extrapyramidal symptoms with the Simpson Angus Scale (Simpson and Angus 1970 (Green et al. 1997) , and verbal productivity (Verbal Fluency) (Spreen and Strauss 1998) were used. The Simple Spatial Working Memory Test was developed at the Diagnostic and Psychopathology Unit at UCLA (McGurk et al. in press ). This test measures spatial working memory using a computerized delayed response paradigm in which subjects are briefly (200 ms) exposed to a black circle at one of eight possible target locations arranged in a semi-circle on a computer screen. Subjects are then asked to point to the location of that circle after a 5 or 15 s delay. During the delay subjects engage in a distractor task, which entails the subject counting backwards out loud from a 3 digit number that is displayed on the screen. At the end of the delay eight empty circles appear on the computer screen; these represent the eight possible target locations, and the subject must choose one.
The dependent measure is the number of targets correctly identified at each delay. The Continuous Performance Tests (CPT) is a commonly used test of vigilance. In the identical pairs version of this test (CPT450), subjects are asked to press a computer response key whenever the same target stimulus appears twice in a row. The target stimuli are 90 4-digit numbers presented among 360 4-digit non-target stimuli presented for a 50 ms stimulus duration at a 1000 ms interstimulus interval.
The Trail Making Tests Part A & B are tests of visuomotor speed and the ability to set shift. In part A, subjects are asked to connect, as fast as possible, an ascending series of circles containing numbers. In part B, subjects are asked to connect, as fast as possible, an ascending series of circles containing numbers and letters, and subjects are asked to alternate between the numbers and letters. The RAVLT is a test of immediate memory span, new learning, susceptibility to interference, and recognition memory (Spreen and Strauss 1998) . The test contains 15 target words (List A), which are read aloud in five separate learning trials, with each trial followed by a free-recall test. Following trial 5, an interference list of 15 words (List B) is presented followed by a free recall test of that list. Immediately after, delayed recall of the first list (List A) is tested. After a 20 min delay period the subject is required to recall words from List A. The dependent measures include indices of concentration measured by word span (trial 1 performance), cumulative practice-related learning (the difference of learning trial 5 and learning trial 1), and delayed recall savings (trial 5 performance minus delayed recall).
The Digit Span Distraction Test is a commonly used test of memory span and distraction. There are two conditions in this test: distraction and non-distraction. In the non-distraction condition six digits per trial are read in a female voice and the subjects are instructed to recall the digits in order after each trial. Under the distraction condition, a male voice reads four irrelevant digits between the presentation of each of the five target digits read by the female voice. Subjects are instructed to attend to the female voice, ignoring anything they hear from the male voice, and recall the digits in order. Each trial is scored for the number of digits recalled correctly. Verbal fluency tests measure verbal productivity and the intactness of the lexical system. In this protocol, the category fluency test was administered. Subjects were asked to produce the names of as many different animals within a one min period. The number of original words that belonged in that category is the dependent measure.
Study Design
Following baseline assessments, subjects entered a 4-week, double-blind, parallel design treatment phase during which they were randomly assigned to receive either 2 mg of guanfacine daily (in two divided doses) or placebo in addition to neuroleptic treatment. The dose of guanfacine was titrated from 0.5 mg daily to 2 mg daily over the first ten days and then continued at this dose for the remainder of the 4-week, double-blind treatment phase. This dose of guanfacine was chosen on the basis of a modest cognitive effect associated with the 1 mg dose used in the open label trial with schizophrenic patients (Friedman et al. 1999 ) and the possibility of a larger effect with higher doses. Although a mean therapeutic dose of guanfacine of 3.2 mg per day produced significant improvements in patients with ADHD (Hunt et al. 1995) , the increase from 2 mg to 3 mg per day is associated with a greater incremental increase in incidence of side effects than is the increase from 1 mg to 2 mg (Physicians Desk Reference 2000). For example, the prevalence of somnolence associated with the 1mg, 2 mg, and 3 mg dose is 0%, 1%, and 14% respectively (Physicians Desk Reference). Therefore the dose of 2 mg per day was chosen in an attempt to optimize the risk to benefit ratio. Furthermore, the titration dose used was adopted from the open label study in patients with ADHD in which the tolerability of this titration schedule was demonstrated (Hunt et al. 1995) . The clinical assessment battery as well as monitoring of vital signs and adverse drug effects was performed at baseline and weekly thereafter. The cognitive assessment battery was performed at baseline and at week 4 only.
Analyses
Baseline comparisons between groups were performed using t tests for continuous variables and chi square for categorical variables. Guanfacine's comparative efficacy to placebo was analyzed with Analysis of Variance (ANOVA) comparing change scores from baseline to week 4 on cognitive tests between the groups receiving guanfacine and the group receiving placebo. The alpha significance for these tests was set to a level of .05. Subjects completing week 1 clinical assessments were considered to be evaluable for efficacy analysis.
RESULTS
Forty patients entered the study and thirty-nine patients were randomized (guanfacine N ϭ 19, placebo N ϭ 20). Thirty-eight patients completed the entire protocol. One subject dropped prior to randomization, and one subject receiving placebo was terminated during week 2 of treatment because of noncompliance with neuroleptic and study medication. Pertinent baseline data for subjects included in endpoint analysis is: mean age ϭ 47.3 (sd ϭ 10.4)(placebo) and 49.1 years (sd ϭ 11)(guanfacine), mean duration of illness ϭ 24.4 years (sd ϭ 13.2)(placebo) and 26.2 years (sd ϭ 13)(guanfacine), baseline Mini Mental State Examination score ϭ 27.8 (sd ϭ 2)(placebo) and 26.2(sd ϭ 3.5)(guanfacine). The distribution of neuroleptic treatment for the two randomized guanfacine groups were as follows: placebo (45% typicals, 55% risperidone) and guanfacine (42% typicals, 58% risperidone). The guanfacine and placebo treated groups did not differ significantly by t test and chi square analysis on any of the baseline demographic or treatment variables.
There were no statistically significant differences in change scores (from baseline to week 4) on any of the Figure 1 . Guanfacine vs. placebo on spatial working memory performance at 5 s delay in risperidone treated patients only.
cognitive measures between the placebo and guanfacine treated groups. Given the possibility that the dopaminergic activity inherent in some typical neuroleptics (e.g., D1 antagonism) could adversely effect cognition and therefore counter the putative benefits of guanfacine, we conducted a subsequent exploratory post-hoc analysis of the effect of guanfacine in the ripseridone treated subjects. Fifty percent of the patients receiving risperidone (N ϭ 11) were randomized to treatment with guanfacine. Baseline characteristics for patients grouped on the basis of neuroleptic and study drug treatment are shown in Table 1 . Given that the data in these groups was not normally distributed and that the sample size in each group was limited (N Ͻ 10 of evaluable data), non-parametric statistics were used in the exploratory analyses. The Mann Whitney U test was used to assess the significance of the differences in cognitive test change scores between the guanfacine and placebo treated subjects receiving risperidone. The combination of risperidone and guanfacine produced improvement in spatial working memory performance, reaction time on the CPT, and Trails B performance. The mean improvement of 3.1 correct targets on the 5 s delay of the spatial working memory test for the risperidone ϩ guanfacine treated group was significantly greater than that for the placebo group (U ϭ 11.5, p ϭ .03) (Figure 1) . The mean improvement of 3 correct target locations at the 15 s delay for the guanfacine ϩ risperidone group showed a trend difference from the placebo ϩ risperidone group (U ϭ 18, p ϭ .14) ( Figure  2 ). In addition, the mean 55 ms improvement in CPT reaction time for the risperidone ϩ guanfacine group showed a trend difference from the placebo ϩ risperidone group (U ϭ 12, p ϭ .1) (Figure 3 ). While the combination of risperidone and guanfacine produced an improvement of 5 words on serial learning and 1.5 words on delayed recall from the RAVLT, and a mean 40 s improvement on the Trails B test, these improvements were not different in magnitude from that associated with the risperidone and placebo combination. Finally, no improvement on verbal fluency or digit span distraction test performance was associated with the guanfacine and risperidone combination.
It is also important to note that the addition of guanfacine to either risperidone or typical neuroleptics produced no significant change in positive or negative symptoms as measured by the PANSS. As well, guanfacine did not significantly influence the severity of extrapyramidal symptoms as measured by the SimpsonAngus rating scale (Simpson and Angus 1970) . While there was a slight decrease in systolic blood pressure in the guanfacine treated group from a mean of 121.4 mm Hg to 115 mm Hg, this was not statistically different from placebo.
CONCLUSIONS
The a priori efficacy hypothesis for guanfacine on cognitive symptoms in schizophrenic patients was not supported by the primary analyses conducted in this study. This may have been a consequence of the differential ef- Figure 2 . Guanfacine vs. placebo on spatial working memory performance at 15 s delay in risperidone treated patients only.
fects of typical and atypical neuroleptics on catecholamine release in the PFC in the context of the notion that the PFC functions optimally under conditions of both moderate dopamine activity at D1 dopamine receptors and moderate norepinephrine activity at alpha-2 noradrenergic receptors (reviewed by Arnsten 1998). The apparent window for optimal effects of these catecholamines upon cognitive functioning is relatively narrow, with both increases or decreases above the optimal range leading to poor performance. Indeed, indices of low mesocortical dopamine activity in schizophrenic patients are associated with poor performance on neuropsychological tasks dependent upon PFC function (e.g., visuospatial memory and executive function) (Berman et al., 1988; Kahn et al. 1994; Okubo et al. 1997) . Therefore, it is conceivable that a low state of cortical dopamine activity in schizophrenic patients (Davis et al. 1991 ) would need to be addressed, perhaps with an atypical neuroleptic, before the beneficial effects of an alpha-2 agonist could be achieved. In fact, chronic administration of the typical neuroleptic haloperidol produces impairments in working memory functions of non-human primates not associated with any effects on motor components required to perform these tasks (Castner et al. 2000) . Subsequently, the co-administration of a D1 agonist produces sustained improvement in the working memory performance of these animals (Castner et al. 2000) . Perhaps differences in direct actions between haloperidol and atypical neuroleptics (which produce higher concentrations of extracellular DA in the PFC) in the PFC may explain the permissive effects of risperidone on guanfacine's ability to improve working memory (Gessa et al. 2000) . However, this is only speculative given that the aforementioned experiment compared haloperidol to clozapine and olanzapine, but not risperidone (Gessa et al. 2000) . Given this possibility though, exploratory analyses were conducted which revealed some significant and some trend differences for the guanfacine effect on cognition compared to placebo in risperidone treated subjects
The results of the exploratory analyses are suggestive of a cognitive enhancing effect of guanfacine adjunctive treatment to risperidone restricted to measures subsumed by frontal lobe function (e.g., spatial working memory, vigilance). This is consistent with other data demonstrating the ability of alpha-2 agonists to improve cognitive functions dependent upon dorsolateral (Avery et al. 2000) and ventromedial orbital (Steere and Arnsten 1997) PFC function, but not cognitive functions dependent on other brain areas (e.g., hippocampus, inferomedial temporal lobe) (Sirvio et al. 1991; Jakala et al. 1999) . Although performance on the spatial working memory test (Arnsten and Goldman-Rakic 1985; Avery et al. 2000 ; has been clearly linked to the integrity of frontal lobe functions, it may be argued that the improvement in performance on CPT reaction time observed in this study was related to guanfacine's effect on psychomotor speed and not a change in frontal lobe function. However, neuroimaging has correlated poor CPT performance with reduced frontal activity in schizophrenic patients (Buchsbaum et al. 1990; Volz et al. 1999) . In addition, reaction tine performance on the CPT has been validated as an index of attention (Reinvang 1998) . Finally, no significant change in Trail Making Part A was seen. Because part A measures psychomotor speed, the effect of guanfacine on CPT reaction time appears consistent with a vigilance effect and not a generalized effect of speed.
These results are limited because the analyses of guanfacine's effects in combination with risperidone are only exploratory and post hoc in nature. Furthermore, the analyses revealed only one statistically significant and two trend differences in cognitive test change scores between the guanfacine and placebo treated subjects receiving risperidone. However, they do warrant further investigation with a prospective double-blind, placebo-controlled trial of guanfacine in patients being treated with risperidone. Additionally, the dosage of guanfacine used in this study may have been sub-optimal; therefore other dosages should be investigated as well. Should the results of such a study support the hypothesis of a cognitive enhancing effect of guanfacine in schizophrenia then the question of the generalizability of guanfacine's effect to other atypical neuroleptics should be addressed. 
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